Introduction
Mutation of the nucleophosmin (NPM) gene has recently been described as the most frequent mutation in acute myeloid leukemia (AML). 1 NPM is a nucleus-cytoplasm shuttling protein already known to be involved in rearrangements in leukemia and lymphoma. [2] [3] [4] These newly reported mutations are insertions/deletions in NPM exon 12 that encodes the nucleic acid-binding domain (NABD) at the C terminal of the mutation of the nucleophosmin (NPM) protein. The abnormal mutated NPM protein shows an aberrant cytoplasmic localization, whereas the wild-type protein is mainly located in the nucleolus and on the nuclear membrane.
Abnormal NPM cytoplasmic localization (NPMcϩ) has been described among diverse French-American-British (FAB) subtypes but is strongly associated with a normal karyotype. 1, 5 No case of NPMcϩ profile has been reported among AML with recurrent cytogenetic abnormality (t(15;17), t(8;21), inv(16)/t(16;16) , and 11q23 abnormalities) or with complex karyotype. Falini et al reported a higher rate of complete remission in NPMcϩ AML, but the long-term prognosis associated with NPM status is not known.
In this study, we evaluated the prevalence, the clinical profile, and the prognosis of NPM mutations (NPMm) in a retrospective cohort of 106 patients with normal-karyotype AML. Our objective was to confirm the reported prevalence of NPMm and to analyze the association between NPMm and the other frequent mutations observed in this subgroup of AML: FMS-like tyrosine kinase 3 internal tandem duplications (FLT3/ITD), CCAAT/enhancerbinding protein-␣ mutations (CEBPAm), and mixed-lineage leukemia partial tandem duplications (MLL/PTD).
Study design

Patients and samples
We studied 106 patients aged 15 to 65 years with newly diagnosed de novo previously untreated AML and normal karyotype treated according to the French Acute Leukemia French Association-90 (ALFA90) and ALFA9802 protocols between 1990 and 2004. 6, 7 A normal karyotype was defined as more than 20 normal metaphases. Samples were obtained from blood and bone marrow aspirates (median leukemic blast percentage, 78%) at diagnosis. The main biologic and clinical features are indicated in Table 1 .
Mutation detection
The CEBPA, FLT3/ITD, and MLL/PTD mutations were detected as previously described. 8, 9 Detection of NPMm was performed on genomic DNA by polymerase chain reaction (PCR) and fragment analysis. To amplify the exon 12 of NPM, we used a fluorescently labeled forward primer 5Ј-(dyeD4)TT-CCATACATACTTAAAACCAAGCA-3Ј (Proligo, Boulder, CO) and a For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From reverse primer 5Ј-TGGTTCCTTAACCACATTTCTTT-3Ј (Invitrogen, Cergy-Pontoise, France). Fluorescent PCR products were subjected to capillary electrophoresis on denaturing polyacrylamide gel and analyzed by the CEQ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA). The data were processed using Genetic Analysis System Software (Beckman Coulter). Samples from healthy controls show one peak at 297 bp. As all NPMm result in the insertion of 4 nucleotides, the mutated profile was defined by the presence of an additional peak at 301 bp ( Figure 1 ).
Statistical analysis
Patient characteristic and complete remission (CR) rate comparisons were performed using the Fisher exact test for binary variables and the Mann-Whitney test for continuous variables. Overall survival (OS), relapsefree survival (RFS), and event-free survival (EFS) were estimated by the Kaplan-Meier method and compared using the log-rank test. Survival comparisons were adjusted for covariates using the Cox model and tested by the likelihood ratio test. Because events (relapse, death) occurred earlier in the NPMm group as compared with the NPM wild-type (NPMwt) group, resulting in crossing outcome curves, graphical methods showed that the proportional hazards assumption was violated by the NPM covariate. 10 To allow the baseline hazard functions to differ in the early as compared with the later follow-up, Cox proportional hazards models stratified on 2 analysis time subsets were systematically used for all comparisons of OS, RFS, and EFS. 11 The optimal time cutoff (0 to 12 months, more than 12 months) was determined from the database.
Results and discussion
Incidence and profile of NPM mutations in adult AML with a normal karyotype
The detection of NPM exon 12 mutations by PCR and fragment analysis revealed 50 mutated cases out of 106 patients (47%). This incidence of NPMm is slightly lower than that reported in a larger cohort by Falini et al (142 of 230; 61.7%). As previously described, all mutated profiles revealed a heterozygous mutation with the expected wild-type fragment and a mutated fragment corresponding to a global insertion of 4 nucleotides. In a previous screening, we had also confirmed the association between NPMm and normal karyotype: among 7 patients with core-binding factor leukemia, none had mutations; among 32 patients with adverse cytogenetic risk according to the Medical Research Council (MRC) classification, 12 only 4 presented with a mutation (13%).
As indicated in Table 1 , there was no significant difference in age and sex ratio between NPMm and NPMwt patients. White blood cell (WBC) counts were significantly higher in the NPMm group (NPMm: 69 versus 18 ϫ 10 9 cells/L; P Ͻ .001). As previously described, NPMm were significantly more frequent in AML with monocytic component M4 and M5 (P ϭ .009) and less frequent in M0 and M2. NPMwt indicates NPM wild-type; NPMm, NPM mutation; NC, not classified; FLT3/ITD, FLT3 internal tandem duplication; CEBPAm, CEBPA mutation; MLL/PTD, MLL partial tandem duplication; CR, complete remission; OS, overall survival; RFS, relapse-free survival; EFS, event-free survival. only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From CEBPA mutations were significantly less frequent in the NPMm group (NPMm: 10% versus 27%; P ϭ .05). Contrarily, FLT3/ITD was more frequently associated with NPMm but without reaching statistical significance (NPMm: 38% versus 25%, P ϭ .21). Only 3 patients presented with MLL/PTD, and 1 of them had an NPMm.
Prognosis of NPM mutations in adult AML with a normal karyotype
Of the 106 patients, 92 (87%) achieved CR after induction therapy. In contrast to the previous Italian study, there was no difference in CR rates between NPMm and NPMwt patients (86% versus 88%; P ϭ .99). 1 This difference may be related to the higher CR rate we observed, probably related to the intensive induction course approach from our cooperative group. CR rate was not significantly influenced by age, WBC count, CEBPAm, or FLT3/ITD.
The global 6-year OS of this cohort was 41% (Ϯ11%). In univariate analysis, age (more than 50 years) but not WBC count (more than 50 ϫ 10 9 cells/L or as continuous variable) was significantly associated with a shorter OS (P ϭ .03) and EFS (P ϭ .04). Patients with CEBPAm had a longer OS (CEBPAm 6-year OS: 53% versus 38%; P ϭ .17) and EFS (P ϭ .01). As we already reported in the ALFA9000 protocol, the presence of FLT3/ITD was not a prognostic factor for OS (FLT3/ITD 6-year OS: 37% versus 43%; P ϭ .45) but was associated with a shorter EFS in this cohort (FLT3/ITD 5-year EFS: 19% versus 34%; P ϭ .05). 8 No difference in outcome was observed between NPMm and NPMwt patients, as shown in Table 1 and Figure 1 . However, as illustrated by the Kaplan-Meier representation ( Figure 1C ), a trend for more early deaths was observed in NPMm patients. This was partly related to a shorter median post-relapse survival in NPMm patients (6.7 versus 9.7 months in the NPMwt group; nonstatistically significant). We performed a multivariate analysis including NPM status and parameters significantly associated with survival in univariate analysis as covariates: age for OS and age, CEBPA, and FLT3 status for EFS. Age (more than 50 years) remained the only parameter independently associated with a shorter OS (P ϭ .03), while no variable influenced EFS in the multivariate setting.
Fifteen patients were screened at relapse for the presence of NPM mutation. Ten of 15 patients had NPM mutations at diagnosis and still displayed NPM mutations at relapse time. None of the 5 NPMwt patients acquired NPM mutation at relapse. This pattern gives evidence for the stability of NPM mutations but should be confirmed in a larger cohort.
Our study did not reveal any association between NPM mutations and patient outcome. On the other hand, improved outcome reported in NPMm patients is quite unexpected because these mutations seem to be associated with numerous bad-prognosis factors, such as high WBC count, FAB M4/5, presence of FLT3/ITD, and absence of CEBPAm. Differences in treatment, and especially induction, strategies might explain these discrepancies. If the stability of NPMm at relapse time is confirmed, these mutations may be useful to monitor residual disease in a large subgroup of AML patients. Further prospective studies are needed to investigate these points and to confirm the prognosis of NPMm in AML.
